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Summary
Isometric thermogenesis as applied to human energy expenditure refers to heat pro-
duction resulting from increased muscle tension. While most physical activities con-
sist of both dynamic and static (isometric) muscle actions, the isometric component
is very often essential for the optimal performance of dynamic work given its role in
coordinating posture during standing, walking and most physical activities of
everyday life. Over the past 75 years, there has been sporadic interest into the
relevance of isometric work to thermoregulatory thermogenesis and to adaptive
thermogenesis pertaining to body-weight regulation. This has been in relation to
(i) a role for skeletal muscle minor tremor or microvibration – nowadays referred
to as ‘resting muscle mechanical activity’ – in maintaining body temperature in
response to mild cooling; (ii) a role for slowed skeletal muscle isometric
contraction–relaxation cycle as a mechanism for energy conservation in response
to caloric restriction and weight loss and (iii) a role for spontaneous physical activ-
ity (which is contributed importantly by isometric work for posture maintenance
and fidgeting behaviours) in adaptive thermogenesis pertaining to weight regula-
tion. This paper reviews the evidence underlying these proposed roles for isometric
work in adaptive thermogenesis and highlights the contention that variability in
this neglected component of energy expenditure could contribute to human predis-
position to obesity.
Keywords: Adaptive thermogenesis, spontaneous physical activity, weight
regulation.
Introduction
According to the latest edition of the Oxford Dictionary of
Food and Nutrition (1), the term isometric thermogenesis as
applied to human energy expenditure (EE) refers to ‘heat
production as a result of increased muscle tension without
performing any physical work’. While this definition is in
line with those of exercise physiologists and nutritionists
in the field of human energy metabolism and physical activ-
ity (2–4), it should be emphasized that physical activity is
often used synonymously with ‘work’ which has a strict def-
inition in physics, namely, work performed on the environ-
ment, i.e. force x distance. The net efficiency of muscular
work is low (~25%) during dynamic work, which involves
principally a change in muscle length (5), but is much lower
(tending towards zero) for isometric or static work because
this type of contraction causes mostly a change in tension
with little or no change in length such that there is little or
no work performed on the environment. Thus, unlike
contracting muscles that produce heat because of their inef-
ficiencies, tensed muscles are simply fully thermogenic; the
multiple expressions of isometric thermogenesis are
depicted in Fig. 1.
Most physical activities, however, are neither purely
dynamic nor purely static but consist of both dynamic
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which should be cited to refer to this work.
(especially concentric) and static (isometric) muscle actions,
with one often being predominant over the other. For exam-
ple, walking, running, cycling and swimming are physical
activities that are predominantly dynamic, but there is also
an isometric component; e.g. increased muscle tension to
keep a balanced posture while walking (6), increased muscle
tension in the trunk and legs while swimming or in the trunk
and arms while pedalling on a bicycle. Conversely, while the
maintenance of body posture, holding and carrying a load,
pushing heavy weights, or contracting muscles against fixed
objects are predominantly isometric, they are often
intertwined with dynamic work, e.g. walking while carrying
a load (Fig. 2).
Consequently, although data on EE during isometric mus-
cle action are scarce (2,3) and the exact contribution of iso-
metric work to daily EE is difficult, if not impossible, to
quantify, there is increasing evidence that it has relevance
to both energy balance and thermal balance. Indeed, during
the past 75 years, sporadic interest into the role of muscle
tension (and hence isometric thermogenesis) in body
Figure 2 Isometric thermogenesis during walking across the stance component of the gait cycle. In considering only the ‘stance’ component (~60%) of
the gait cycle during walking, it should be emphasized that walking is a purposeful disturbance in body equilibrium during which alternating leg displace-
ment sustains body weight through increased muscle tone and hence isometric thermogenesis. By decomposing the lower leg movements over a small
time window, it can be observed that during the dynamic pattern of movements, there is a component of isometric contraction of short duration. Walking
indeed also involves an isometric component during transitional phases that is associated with dynamic work. In the gait cycle at the end of the ‘heelstrike’,
the pressure exerted on the ground is equal to the resistance on the ground so that isometric contraction occurs. At ‘midstance’, the isometric force is max-
imum. Adapted from Reference (6).
Figure 1 Multiple expressions of isometric thermogenesis in humans. Isometric muscle contraction for posture maintenance can involve skeletal muscle
in the upper body, lower body and in the trunk. Its nature can be classified as voluntary, involuntary and spontaneous. The magnitude of internal and ex-
ternal load (if any) influences muscle contraction and hence isometric thermogenesis.
2
htt
p:/
/do
c.r
ero
.ch
temperature homeostasis, as well as in relation to body
weight and body composition regulation, has centred upon
the following areas:
1. a role for skeletal muscle minor tremor or
microvibration – nowadays referred to as ‘resting
muscle mechanical activity’ (RMMA) – in
maintaining body temperature in response to mild
cooling;
2. a role for slowed skeletal muscle isometric
contraction–relaxation cycle as a mechanism for
energy conservation in response to caloric restriction
and weight loss and
3. a role for spontaneous physical activity (SPA) – which
is contributed importantly by isometric work for
posture maintenance and fidgeting behaviours – in
adaptive thermogenesis pertaining to weight
regulation.
This paper reviews the evidence underlying these pro-
posed roles for isometric work in adaptive thermogenesis
and highlights the contention that variability in this
neglected component of EE could contribute to human pre-
disposition to obesity.
Resting muscle mechanical activity
Historical characterization of muscle tone at rest
Minor tremor or microvibration, the phenomenon that the
human body skin surface is constantly vibrating even under
conditions of relaxation, underwent considerable characteri-
zation in the two decades that followedWorldWar II, in large
part due to the pioneering work of Rohracher (7–10). What
he coined as ‘Mikroschwingung’ (or microvibration) was
reported to be ever-present from birth to shortly after
death and in all parts of the body. Its amplitude was re-
ported to be within a few microns and its frequency to
vary according to body site, being lower for larger mus-
cles and higher for small muscles. Subsequent work in an-
imals demonstrated that microvibration frequency is
higher in smaller animals and that severing the medulla
oblongata or removal of the heart does not eliminate the
phenomenon. Microvibration was also found to increase
after exercise, and its amplitude to be reduced by muscle
relaxants, central nervous system sedatives or ganglion
blockers, and to be increased by CNS stimulants. Further-
more, it was observed that microvibration frequency was
decreased in a hot environment, increased in the cold,
and that such fine tremor is detectable only in warm-
blooded animals (8). These observations led Rohracher
to describe the phenomenon as a normal physiological
function involved in the generation of resting muscle tone
and that the chemical ‘reaction-heat’ resulting from
muscle microvibration plays a role in maintaining homeo-
thermy (8,10). Three decades later, this notion that invis-
ible muscle vibration helps to maintain body temperature
gained further support from the studies of Meigal et al.
(11,12) who found that the electromyographic signal in-
creased with cooling prior to visible shivering, leading to
the term ‘thermoregulatory muscle tone’ or ‘pre-shivering
muscle tone’, which they demonstrated was influenced
by head and body posture (11,13).
Characterization of resting muscle mechanical
activity
Nowadays, the low-frequency muscle vibration that has
over the years been referred to as minor tremor (9),
microvibrations (8), muscle sounds (14), invisible shivering,
pre-shivering tone or thermoregulatory muscle tone (11–13)
is largely attributed to the phenomenon of RMMA. It is de-
tected using specific transducers to record muscle surface os-
cillations due to mechanical activity of the motor units and
measured as mechanomyographic activity (15,16). While it
is considered to be the counterpart to the motor unit’s elec-
trical activity as measured by electromyography, several
workers consider mechanomyographic to be a more sensi-
tive method for examining resting muscle activity than elec-
tromyography (16). As the mechanical work of muscle
requires energy and must therefore produce heat, and as
RMMA refers to the muscle activity involving
microvibrations at rest, the heat generated from RMMA
can be considered as isometric thermogenesis.
In a series of experiments focused upon understanding the
behaviour of RMMA under various conditions in healthy
young men, McKay et al. (17) have shown RMMA to be
neurally mediated because it disappears with pharmacologic
neuromuscular blockade, to increase several folds after vig-
orous aerobic or resistance exercise and to show propor-
tionately less increase after mild exercise than vigorous
exercise (18,19). In more recent years, they also showed that
RMMA increases from a minimum at thermoneutral ambi-
ent temperature as humans are subjected to mild cooling
(20). These findings support the notion that RMMA helps
to maintain core temperature at rest, which they argued
may account for the consumption of as much as 200 kcal/
day under the circumstances of ambient temperature in hos-
pital clothing (21), and hence for substantial heat produc-
tion to maintain core body temperature at 37 °C when
exposed to an ambient temperature of ~21 °C (21).
Based upon these aforementioned findings, McKay et al.
(20) have postulated a model for defence against cooling
whereby RMMA is invoked first at ambient temperatures
below thermoneutrality, whereas shivering is invoked as a
last resort response with further cooling of the skin or
core-cooling. To explain why such a dual system may have
evolved, these authors (20) have proposed that ‘in the
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African environment of our ancestors, which is often above
thermoneutrality by day and below by night, body temper-
ature could be defended against mild cooling using RMMA.
This provides survival benefit by providing temperature sta-
bility without the large temperature swings of alternately
turning shivering on and off, without the caloric expense
of shivering, without the loss of fine motor control that oc-
curs with shivering, and without the involuntary gross
visible movement that might give away to the position of
the human hiding from a predator’.
Resting muscle mechanical activity as a determinant
of resting metabolic rate and adaptive
thermogenesis
While RMMA may have evolved, in part, to maintain core
temperature in the face of mild cooling, it seems plausible
that RMMA, and its elevation after exercise, may contrib-
ute significantly to resting EE. A potential role of RMMA
in daily EE therefore raises two important questions
pertaining to energy balance and weight regulation, namely,
(i) does variability in RMMA contribute to variability in
resting EE and hence in metabolic predisposition to obesity?
and (ii) do changes in RMMA in response to caloric restric-
tion or caloric surplus contribute to adaptive thermogene-
sis? Bearing in mind that muscle tone has long been
clinically (and empirically) assessed by its palpatory quality
upon compression by the examiner (i.e. its pliability, firm-
ness or hardness), it is of interest to note that in referring
to the many possible mechanisms which might have reduced
the basal metabolic rate in the semistarved men of the Clas-
sic Minnesota Experiment, Keys et al. (22) pointed out, to
quote: ‘By all criteria of ordinary manual examination,
there seems to be a reduction in the resting tension or tonus
in the voluntary muscles and it is reasonable to suppose that
a similar change occurs in the involuntary muscles as well.
This might account for some reduction in metabolism be-
yond that resulting from the simple reduction in muscle
mass’. In other words, diminished muscle tone could have
contributed to the marked adaptive suppression of
Figure 3 Multiple expressions of isometric thermogenesis at rest. Skeletal muscle shivering, which produces heat in response to cold or the onset of fe-
ver, is observed by visual inspection. By contrast, non-shivering thermogenesis in skeletal muscle, due to increased resting muscle mechanical activity is
clinically invisible. The latter is increased in response to mild cold (7,11,20) and exercise (17–19) and is postulated to be blunted following prolonged ca-
loric restriction and weight loss (22).
Figure 4 Alterations in skeletal muscle fibre types (ratio of slow type I rel-
ative to fast type IIB fibres) in hindlimb gastrocnemius muscle of caloric-
restricted (semistarved) and refed rats, and their respective controls.
The ratio increases following caloric restriction and persists during the
phase of accelerated fat recovery (catch-up fat) during refeeding. SS,
semistarved rats; CSS, control of semistarved rats; RF, refed rats; CRF,
control of refed rats (n = 8–10); Mann–Whitney test; *P ≤ 0.05; **P ≤ 0.01,
comparing SS or RF with their respective control. Adapted from Reference
((42)).
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thermogenesis (and hence energy conservation) observed in
the Minnesota men, albeit in the resting state. The various
expressions of isometric thermogenesis at rest, together with
the potential effects of mild cold, exercise and caloric re-
striction on RMMA, are depicted in Fig. 3.
Impact of caloric restriction on skeletal muscle
isometric contraction–relaxation cycle
A slower isometric contraction–relaxation cycle may also
play a role in the adaptive supression of thermogenesis ob-
served due to caloric restriction, owing to reduced ATP
turnover (23,24) and subsequent energy cost. Indeed, it
has long been known that in response to a mild electrically
evoked skeletal muscle isometric contraction, the time to
peak contraction and time for half-relaxation from the peak
are prolonged in malnourished humans who have lost
weight (25–29) and that these changes in contractile proper-
ties can be induced by caloric restriction in obese patients
(30) and in lean rats (31). This diminished rate of isometric
contraction–relaxation has been linked to a transition in fi-
bre-type composition from fast-twitch to slow-twitch and
appears to be mediated by alterations in thyroid hormone
actions. Indeed, the hypothyroid state induced by caloric re-
striction – just like in clinical hypothyroidism or in response
to chemically induced hypothyroidism or thyroid hormone
receptor deficiency in animal models – can be linked to a
marked shift from fast to slow fibres (32–35). In terms of
fuel economy, this state of hypothyroidism-induced shift in
favour of slow (type I) fibres could prove beneficial, given
evidence that slow-twitch fibres require less ATP per unit
of isometric tension than fast-twitch fibres (36–38). Further-
more, a higher energetic efficiency, as may be observed in a
hypothyroid state, could also affect the speed of the skeletal
muscle contraction–relaxation cycle (39–41).
Further insights into the underlying molecular mecha-
nisms can be derived from recent experiments (42) indicat-
ing that in rats showing diminished rates of electrically
induced contraction–relaxation during semistarvation and
early refeeding, there were substantial alterations in skeletal
muscle fibre composition with an increased ratio of slow to
fast (I/IIB) fibres (Fig. 4) as well as in muscle expression of
deiodinase 1, 2 and 3 – all of which play a role in control-
ling local thyroid hormone metabolism. In line with these
changes, a decreased availability of muscle T3, the primary
active thyroid hormone, was also observed. Together, these
findings (42) indicate that decreased intracellular availabil-
ity of T3 may be driving the fast-to-slow fibre transition
and diminished rate of the contraction–relaxation cycle,
thereby conserving energy during weight loss and weight re-
covery and contributing to a thrifty metabolic phenotype to
aid in the rapid repletion of adipose stores.
Isometric thermogenesis during spontaneous
physical activity
As mentioned in the introduction, isometric work is
intertwined with dynamic work, and in many instances, it
is essential for the performance of dynamic work, particu-
larly, in terms of postural maintenance in the upright posi-
tion, thereby allowing walking, running and in fact most
daily life physical activities (Fig. 5). While the contribution
Figure 5 Schematic diagram showing isometric thermogenesis as a component of the magnitude of energy expenditure (EE) in response to various low-
level physical activities of daily life. The increases in EE for each activity are expressed in relative terms, i.e. as a multiple of EE during lying down (supine)
under conditions of basal metabolic rate measurements (defined as 1 MET). The values for the relative increases in EE for standing (~1.15 METs), standing
with fidgeting (~2 METs) and walking at low speed (3 METSs) were obtained from indirect calorimetry measurements made by Levine et al. (43). The dotted
zone depicts the increasing level of isometric thermogenesis with increasing EE across these low-level physical activities, ranging from sitting still to walk-
ing slowly while carrying a heavy load. The zig-zag line above the dotted zone represents the relative uncertainty as to the actual proportion of the increase
in EE due to isometric thermogenesis.
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of isometric thermogenesis to the daily EE associated with
such activities is difficult to quantify, it is likely to be of
major importance for SPA, i.e. the energy expended on fine
movement, muscle tone and what is generally termed
‘fidgeting’ (4,43). These latter activities, often subconscious,
show remarkable individual variability, the behaviour
perhaps reflecting differences between individuals’ personal-
ity and neurochemical make-up (44,45).
Spontaneous physical activity is a component of daily EE
that is increasingly recognized as playing an important role
in achieving energy balance, and hence in body-weight reg-
ulation (44,45). Ravussin et al. (46) have highlighted the po-
tential role of SPA-associated thermogenesis in body-weight
regulation by showing that even under the relatively con-
fined conditions of a respiratory chamber, SPA (detected
by radar motion sensors) accounts 8–15% of total daily
EE ranging from 100 to 680 kcal/day. Consequent longitu-
dinal studies of Pima Indian men suggested that SPA is a fa-
milial trait predictive of both 3-year weight and fat gain in
these men (47), consistent with cross-sectional observations
of diminished SPA in obese individuals.
More direct evidence in support of the contribution of
changes in SPA to autoregulatory changes EE has been gen-
erated through the Biosphere 2 experiment (48), in which
eight individuals (men and women) underwent gradual
weight loss over 2 years. From the data collected during a
subsequent stay in a respiratory chamber, their losses in
body weight were found to be accompanied by a markedly
lower SPA, which like their diminished daily EE, was found
to persist several months after the onset of weight recovery
and which could be implicated in their disproportionate re-
gain of body fat relative to lean mass. These findings are
therefore consistent with the notion that diminished SPA
may contribute significantly to the adaptive suppression of
thermogenesis that occurs in response to caloric restriction
and weight loss and that drives rapid fat storage during
weight regain (49–51).
Similarly, Miller et al. (52), following their ‘Gluttony Ex-
periments’, postulated that resistance to obesity in some of
their subjects could reside in an increased EE associated
with simple low-level activities of everyday life, including
SPA. Some 30 years later, evidence in support of this hy-
pothesis was presented by Levine et al. (53), who showed
that, following 8 weeks of overfeeding (+1000 kcal/day),
more than half of the observed increase in daily EE in their
sedentary subjects could be accounted for by increases in ac-
tivity EE, which the authors referred to as non-exercise ac-
tivity thermogenesis (NEAT). This increase in NEAT was
most predictive of fat gain – which varied considerably
amongst the subjects (range: 0.36 to 4.23 kg). Owing to
the fact that no structured exercise took place, and no
changes in either overt physical activity or the thermic effect
of meals was observed, increases in NEAT were attributed
to increases in low-level SPA (range: 98 to 692 kcal/day).
However, it is also possible that these increases may, at least
in part, be attributed to a decrease in muscle work effi-
ciency, whether voluntary or spontaneous, dynamic or
isometric.
Further evidence of the importance of daily low-level iso-
metric thermogenesis in energy balance can be derived from
studies indicating that altering posture allocation (i.e. be-
tween lying, sitting and standing) – and hence posture-re-
lated isometric thermogenesis – can modify EE to impact
upon body-weight regulation and health (54). With obese
individuals shown to sit for 2.5 h/day more than their lean
counterparts, it has been suggested that should the obese
Figure 6 Standardized tests recently developed for assessing human variability in the energy cost of low-level dynamic and isometric physical activities.
For each test, the double-headed arrow indicates the range for the measured relative increases in energy expenditure (expressed in METs) across the
varying intensity of the physical activity test. The references for these standardized tests are indicated as superscripts.
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replace these 2.5 h of sitting with an additional 2.5 h of
standing, this posture re-allocation could result in the ex-
penditure of an additional 350 kcal/day (54), sufficient to
positively affect body-weight regulation if accumulated over
time.
Taken together, the earlier studies suggest that the high
degree of heterogeneity in SPA observed between individ-
uals may play a key role in the inter-individual variability
that is also observed in terms of total daily EE.
Isometric thermogenesis: a link between adult
stature and cardiometabolic risks
With the recognition that low-intensity physical activity (in-
cluding SPA) plays an important role in body-weight regula-
tion, with a greater influence on the obesity epidemic than
moderate-to-vigorous intensity leisure-time pursuits (55),
there is considerable interest for better monitoring, charac-
terizing and promoting of a plethora of low-level physical
activities in daily life (e.g. active workstations, standing
desks and sitting breaks). Little attention, however, has been
directed at assessing how humans vary in the specific energy
cost (or efficiency) of performing low-level physical activi-
ties, which, in addition to intensity and duration of the
physical activity, can also contribute to variability in predis-
position to obesity. In search for suitable approaches to
characterize human variability in isometric thermogenesis,
recent work from our laboratory has characterized the en-
ergy cost of several types of low-level physical activities
(Fig. 6), including low power cycling (56) and those with a
predominantly isometric component, namely, standing pos-
ture maintenance (57), acute intermittent side-alternating
whole-body vibration across commonly-used vibration fre-
quencies (58) and intermittent leg press exercise (59). The
latter was performed in the seated position in an ergonomic
and adjustable car seat that was modified to enable contin-
uous assessment of EE with the subject at rest or while
exerting low-intensity isometric work; this was achieved
by intermittently pressing (for 30 s/min) both legs simulta-
neously against a press-platform incorporating a weighing
scale; the intermittent leg press exercise was performed at
five different isometric loads between 5 and 25 kg force,
with the energy cost of this intermittent isometric exercise
being determined individually by linear regression (59).
Energy expenditure during the aforementioned intermit-
tent low-intensity isometric leg press increased in parallel
to increasing load, by 17–62% on average (range: 11 to
93%) and was thus well within the range of EE observed
during daily-life low-level activities. Importantly, using this
methodology, inter-individual variability was shown to be
several times larger than intra-individual variability assessed
on separate days (coefficient of variation of 35% vs. 12%,
respectively). Along this new avenue for research in EE phe-
notyping for isometric thermogenesis, our preliminary
findings (59) that stature, but not weight, is positively asso-
ciated with isometric thermogenesis raises the possibility
that low-isometric thermogenesis could constitute a ‘thrifty
metabolic’ link in the well-documented associations be-
tween adult short stature (or leg length) and increased risks
for cardiovascular diseases (60), type 2 diabetes (61) and
obesity (62,63).
Concluding remarks
The aforementioned standardized approach to study
isometric thermogenesis (in response to intermittent
low-intensity isometric workloads), as a complementary ap-
proach for EE phenotyping at rest or during dynamic activ-
ity, opens up a new avenue for research in EE and metabolic
phenotyping. Considering the ubiquitous nature of isomet-
ric work, increasing research into the energy costs of this of-
ten overlooked variable has implications for research in
human energy metabolism, and potential for a better under-
standing of metabolic predisposition to obesity and cardio-
metabolic risks.
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